Ampicillin resistance in Haemophilus influenzae is most often due to the plasmid-mediated production of TEM I-lactamase. We studied four strains with high-level ampicillin resistance (MIC of 32 ,ug/ml with an inoculum of 105 CFU on solid media) which did not produce detectable ,B-lactamase activity with two different detection methods. Two of the four strains contained extrachromosomal DNA by agarose gel electrophoresis. Conjugation failed to transfer ampicillin resistance; in contrast, transformation yielded ampicillin-resistant transformants in three of the four strains. These transformants did not contain detectable extrachromosomal DNA. In addition, mobilization of the resistance determinant by transformation to, or conjugation with, recombination-deficient strains was unsuccessful. DNA-DNA hybridization experiments revealed no homology of the DNA of these strains with two R plasmids (one coding for ampicillin resistance, the other for chloramphenicol and tetracycline resistance). We conclude that the genetic basis of the non-j8-lactamase ampicillin resistance in these strains appears to be chromosomally mediated. We investigated the mechanism of resistance in these strains. Enzymatic modification of penicillin was not detected by autoradiography of a thinlayer chromatogram of cell sonic extracts of three ampicillin-resistant transformant strains incubated with
Media. The medium used for growth and determination of the MIC was brain heart infusion agar or broth (Difco) supplemented with 10 ,ug of hemin, 10 ,ug of L-histidine, and 10 ,ug of ,B-NAD+ per ml (sBHI). Plate cultures were incubated at 36 .5°C in 5% C02, whereas liquid cultures were incubated at 37°C in room air and shaken at 200 cycles/min. The liquid media used for the development of competence was M IV (10) . Antibiotics (24) . Agarose gel electrophoresis. Lysates of the ampicillinresistant clinical isolates and their transformants were prepared as described by Meyers et al. (20) . These strains were also lysed by the procedure of Hansen and Olsen (9) to increase the reported detection of plasmid DNA by using both lysis techniques (29) . All were subjected to electrophoresis through a 0.7% agarose gel, and the DNA fragments were visualized by staining with ethidium bromide and UV transillumination (20) .
Conjugation. Overnight filter paper matings were performed as described by Roberts et al. (31) . Each ampicillinresistant clinical isolate was mated with the recipient strains MAP and RdMCR. Transconjugants were selected on sBHI agar with 5 jig of ampicillin and 250 jig of streptomycin per ml. The control, strain HC234, was mated with the same recipients separately with selection on sBHI agar containing 5 ,ug of chloramphenicol and 250 ,ug of streptomycin per ml. The conjugation frequency was determined by the number of transconjugant colonies divided by the number of donor cells plated. Colony counts were determined on antibiotic-free media.
Transformation. Whole-cell lysates of the ampicillin-resistant clinical isolates were prepared as described by Roberts et al. (30) ; 100 ,ul each of 1/15, 1/150, and 1/1,500 dilutions of crude DNA in 0.15 M NaCl plus 0.015 M sodium citrate (SSC) was added to 2 ml of competent strains MAP, Recl, Rec2, and A8 separately. Four milliliters of sBHI was added to each flask 30 min after the addition of the DNA. Cells were grown for 4 h, and selection for transformants was performed by plating the mixture on agar containing 5 ,ug of ampicillin per ml at dilutions of 10-1, 10-2, and 10-'. The bacterial density was determined by plating the recipients on antibiotic-free media. The transformation frequency was determined by the number of transformant CFU divided by the total number of cells plated. Each competent recipient was tested for the frequency of spontaneous mutation to ampicillin resistance (no addition of DNA).
The phenotype of the transformant colonies was confirmed by reisolation on sBHI agar plates containing 5 ,ug of ampicillin per ml. In addition, the phenotype of the recipient, MAP, was confirmed by plating on media containing 20 pg of erythromycin per ml, 50 jig of spectinomycin per ml, and 250 ,ug of streptomycin per ml. As a control for chromosomal transformation frequency, DNA from strain MAP was prepared as above, transformed into strain A8, and selected on sBHI agar containing erythromycin (20 (28) . The radiolabeled plasmid DNAs were separated from free nucleotides by chromatography on Sephadex G-50 and used as individual probes. The specific activity of the probes was ca. 107 cpm/,ig of DNA, and 106 cpm was used for each hybridization. Unlabeled whole-cell DNA from the ampicillin-resistant clinical isolates and their corresponding ampicillin-resistant transformants (in strain MAP) were prepared by the lysis technique of Meyers et al. (20) . Control DNA was derived from strains R385 and MAP. The DNA was electrophoresed in a 0.7% agarose gel and transferred to nitrocellulose filters by the method of Southern (38) as modified by Smith and Summers for bidirectional blotting (37) . The unlabeled purified DNA of the two plasmid probes was electrophoresed on the same gel before blotting. Probes 35S-labeled RSF007 and 358-labeled pRI234 were hybridized separately with these identical blots for 17 h at 42°C as described by Wahl et al. (47) . The filters were exposed to Kodak XAR-5 X-ray film and incubated at -70°C for 3 weeks, and the film was developed.
Thin-layer chromatography. Strains were inoculated on fresh sBHI agar plates from stored vials of skim milk at -70°C and incubated overnight. Organisms from 6 ml of sBHI were harvested in mid-log phase by centrifugation at 10,000 x g for 10 min at 4°C, washed once in an equal volume of 0.05 M Tris (pH 7.8), and resuspended in 5 ml of the above buffer. The cell suspension was sonicated with a Branson sonicator at 20 W for four 15-s bursts (while immersed in an ice bath) and then centrifuged at 30,000 x g for 30 min at 4°C. The supernatant was separated into 1-ml fractions and stored at -70°C; a sample was used for protein determination by the method of Lowry (26) , with crystalline bovine serum albumin used as a standard.
Cell sonic extracts were thawed and kept on ice; 25 ,ul of
[14C]penicillin G (0.25 ,uCi, 10-6 mM) was placed in a glass tube in a 35°C water bath for 4 min. A total of 25 RI of cell sonic extract (100 jig of protein) was added to the tube; and 10-,ul samples were removed at 0, 5, and 10 min and spotted on a silica gel. The three ampicillin-resistant transformants, the isogenic ampicillin-susceptible recipient strain MAP, and a 3-lactamase-producing control strain (RSF0885) were tested (Tables 1 and 2 Roberts et al. (31) between the donor strain R385, using the transformant strains, and strain MAP as recipient (Tables 1 and 2 ). Transconjugants were selected on media containing S jig of ampicillin per ml and 250 jig of streptomycin per ml. The conjugation frequency was determined by dividing the number of transconjugant CFU by the number of donor CFU plated. ,-Lactamase production was confirmed in the transconjugant strains by two methods of detection: the chromogenic cephalosporin assay (24) and the VOL. 26, 1984 d Strain RSF0885 produces 3-lactamase (Table 1 ).
e Strain MAP was the recipient used for the transformations (Table 1) .
phenol red detection of ampicillin hydrolysis (35) . The transformant strains which contained the plasmid pMR385 were designated with the prefix TC, and strain MAP containing pMR385 was designated TC MAP ( Table 3) . The P-lactamase assay was performed as follows. Strains TC 801107-38, TC 783748-6, TC 782704-9, and TC MAP were grown separately in 6 ml of sBHI broth as described above and suspended in an equal volume of a buffer containing 0.5 mM Na2HPO4, 0.7 mM NaCl, 1 mM MgCl2 * 6H20, and 30 mM mannitol at pH 7.6. One sample was sonicated as described above and centrifuged for 5 min in a microfuge (12,000 x g). The supernatant (cell-free sonically treated material) was used for the assay, and a sample was retained for a protein determination and colony count. The other sample of suspended intact cells was kept on ice until tested. The absorbance at 558 nm was continuously recorded in a Beckman Acta III spectrophotometer. All reagents were warmed to 30°C before use. The reaction mixture, in a 3-ml glass cuvette, consisted of 2 ml of water, 300 ,ul of 5 mM Na2HPO4 (pH 7.6), 300 ,ul of phenol red solution (0.0125%), and 300 ,ul of penicillin G at the concentrations indicated. The reaction was started by the addition of 100 ,ul (400 ,ug of protein) of intact or sonicated cells, mixed immediately by inversion, and placed in the spectrophotometer. Intact cells were assayed with 5 and 1 mM penicillin G. The 1-lactamase activity of sonicated cells was determined at six penicillin G concentrations: 5, 1, 0.5, 0.1, 0.067, and 0.05 mM, Each concentration was assayed in duplicate. As controls, each sonic extract and intact cell preparation was assayed without substrate (no penicillin). Also, the nonenzymatic rate of hydrolysis was determined at the beginning and end of a run by substituting water for the enzyme source. In addition, the sBHI broth used for grQwth was assayed to determine whether enzyme had "leaked" out of the cells. PBPs. Strains were inoculated from stored vials of skim milk at -70°C onto sBHI agar plates containing 5 ,ug of ampicillin per ml and incubated overnight. The next day organisms were grown in 500 ml of sBHI broth to stationary phase and harvested by centrifugation at 15,000 x g at 4°C. The pellets were suspended in 0.75 M sucrose-10 mM Tris-5 mM MgCl2 (pH 7.8), sonicated as described in five 5-ml samples, pooled, and centrifuged at 3,000 x g at 4°C for 10 min; the pellet was discarded. The supernatant was layered over a 15 to 70% discontinuous sucrose gradient and centrifuged at 206,000 x g in a swinging bucket rotor at 4°C for 2 h. The interfaces were collected, diluted with 2 volumes of 0.05 M Tris (pH 7.8), and centrifuged at 122,000 x g at 4°C for 2 h in a fixed-angle rotor. The crude membranes (the pellet) were resuspended in a minimum volume of the above buffer and stored at -70°C. A sample was taken for Lowry protein determination (26) . At the time of the study, the crude membrane preparations were thawed and adjusted to yield a protein concentration of 1 mg in a volume of 100 pAl with the above buffer. Binding reactions were performed by a modification of the procedures of Makover et al. and Spratt (16, 39) . To determine those PBPs which were the most penicillin susceptible, an affinity gel was performed with the crude membranes of the ampicillin-susceptible recipient strain MAP. Increasing concentrations of unlabeled ampicillin from 10 2 to 102 ,ug/ml (final concentration) were added in a 10-pul volume to separate microfuge tubes. A control tube contained 10 plA of water (no ampicillin). (Table 2 ). In contrast, transformants revealed a variable resistance pattern to the cephalosporins tested (Table 2) .
(ii) I-Lactamase activity. All four clinical isolates were negative for P-lactamase activity by the chromogenic cephalosporin and the ampicillin-phenol red assays when compared with the controls.
(iii) Plasmid content. DNA analysis of the four clinical isolates revealed that two strains, 801107 and 782704, harbored a 23-megadalton plasmid, and two had no detectable plasmid DNA when lysed by the method of Meyers et al. (20) . Only strain 801107 had a visually detectable plasmid (23 megadaltons) by the method of Hansen and Olsen (9) .
(iv) Conjugation. There was no detectable frequency of ampicillin resistance transfer with conjugation (i.e., <10-9) of all four clinical isolates after mating with strains MAP or RdMCR. The conjugation frequency of antibiotic resistance for control strain HC234 was 10-4 with both of the above recipients.
(v) Transformation. The frequency of transformation of the ampicillin resistance marker to recipient strain MAP was 10-6, 10-7, and 10-7 for the DNA of strains 783748, 801107, and 782704, respectively. The DNA of strain 781592 did not transform ampicillin resistance at a detectable frequency (<10-9) to strain MAP. Strain MAP did not have a detectable mutation frequency to ampicillin resistance (<10-9), supporting the transformation data above. DNA analysis of transformants from the three strains capable of transferring the resistance by transformation revealed no detectable plasmid DNA by the lysis method of Meyers et al. (20) . As a control, the DNA of strain MAP effectively transferred the chromosomally mediated resistance genes for erythromycin and streptomycin to strain A8 at a frequency of 10-6. The Rec-strains, Recl and Rec2, were not transformable by the identical DNA preparations, confirming their recombination deficiency and the need for a general recombination pathway for transformation. In addition, strains Recl and Rec2 did not have a detectable mutation frequency to ampicillin resistance (<10-9).
(vi) Resistance retransfer by conjugation. The ampicillinresistant transformants into A8, derived with DNA from the three clinical isolates capable of transformation, did not yield transconjugants when mated with Rec-strains R850 and Rec1R. In contrast, a transformant derived with control DNA of strain R849 when mated with strain ReclR yielded transconjugants. Strain R849 contains a 36-megadalton conjugative plasmid integrated into the chromosome (Table 1; 40).
Hybridization. Plasmid probes 35S-labeled pRI234 and 35 -labeled RSFOO7 had DNA homology with each other (Fig. 1,  lanes I and J) , as previously reported (7). Each also had DNA homology at the chromosomal level with the positive control strain R385 (Fig. 1, lane K) . There was no detectable DNA homology with these probes and DNA from any of the four clinical isolates or with DNA of transformants of three of these strains (Fig. 1, lanes A to G) . The recipient strain MAP also had no DNA homology with these probes, as expected (Fig. 1, lane H) . Of note, the two clinical isolates which harbored visually detectable plasmids had no DNA homology with either probe (Fig. 1, lanes A and F) .
Thin-layer chromatography. Autoradiography of the thin- OMP. SDS-PAGE of the lithium chloride-extracted outer membranes revealed no apparent differences between two of the four ampicillin-resistant transformants (Fig. 3, lanes A and B) and the ampicillin-susceptible isogenic recipient strain MAP (Fig. 3, lane E) . However, the two other ml F:-transformants revealed differences (Fig. 3, lanes C and D) .
Of note, the OMPs of the transformant with significantly reduced permeability (strain TF 782704-9; Fig. 3 The two transformant strains derived from the same donor DNA had identical PBP patterns (Fig. 5, lanes B and D) . These showed almost no binding of [3H]penicillin to PBPs 3 and 6 and reduced binding to PBP 4. The transformant of ng cell sonic extracts of the strain 801107 also revealed minimal binding of [3H]penicillin iformants, the ampicillin-susto PBP 3 and reduced binding to PBP 4 (Fig. 5, lane E) . The Lin MAP, and buffer alone (no transformant of strain 783748 revealed decreased binding to differences in the migration PBP 4 (Fig. 5, lane C) . Thus, alterations in PBPs 3, 4, 6, and Licillin (Fig. 2) . The transforpossibly 5 appear to correlate with the ampicillin resistance C) was representative of the phenotype.
other transformants tested. In contrast, incubation with cell sonic extract of the ,-lactamase-producing strain RSF0885 revealed a change in the migration pattern (Fig. 2D ) consistent with the generation of penicilloic acid. Permeability. The conjugation frequency of plasmid pMR385 coding for 13-lactamase production was 10-5 to all three ampicillin-resistant transformants and the recipient strain MAP. All transconjugants produced ,-lactamase as detected by the chromogenic cephalosporin substrate and the phenol red detection of ampicillin hydrolysis. Sonication and centrifugation reduced the viable cell density by 98%. Only strain TC 782704-9 was significantly less permeable than strain TC MAP (Table 3) . Strains TC 801107-38 and TC 783748-6 were not significantly less permeable than strain TC MAP. The controls lacking substrate or . ' influenzae are known to share significant DNA homology with one another (3, 7, 12, 14, 15, 31) . Therefore, to further confirm the hypothesis of a chromosomal location and the lack of a plasmid-mediated resistance, we selected two wellcharacterized plasmids, RSF007 and pRI234 (Table 1) , as probes to screen against the DNA of the four clinical isolates and their transformants for evidence of R plasmid sequences. Our hybridization data showed that there was no DNA homology with these strains and our probes, further supporting a non-plasmid-mediated mechanism of resistance. Interestingly, there was no homology with the plasmids found in two of the clinical isolates. Laufs et al. screened 699 H. influenzae strains and found only one cryptic plasmid, which had 82% homology with an ampicillin-resistant R plasmid (pKRE5367) (14) . pKRE5367 has been shown to have -100% homology with RSFOO7 and 65% homology with pRI234 (15), our two probes.
These data are consistent with a non-plasmid-mediated non-,B-lactamase mechanism of ampicillin resistance in these strains. However, the exact mechanism of resistance remained to be determined. Ampicillin resistance may exist by several mechanisms: (i) enzymatic inactivation of the antibiotic other than by P-lactamase, (ii) a permeability barrier such that the antibiotic does not reach its target(s), or (iii) a change in the target(s) such that it is no longer affected to the same extent. Transformation of the ampicillin-resistant determinant into an ampicillin-susceptible recipient for three of these four strains allowed us to make the isogenic comparison. Autoradiographs of the thin-layer chromatograms of cell sonic extracts of the transformants revealed no detectable change in the migration pattern of the radioactive penicillin. This suggests no structural change in penicillin molecule by an enzymatic mechanism.
To assess permeability, we conjugated a ,B-lactamaseproducing plasmid into the transformant strains and the isogenic ampicillin-susceptible recipient strain and compared the hydrolysis of penicillin spectrophotometrically.
Several authors have studied the permeability of P-lactam antibiotics into gram-negative bacteria (22, 50) . The validity of this technique is based on several assumptions, which were well described by Zimmermann and Rosselet (50 The mechanism(s) of resistance to ampicillin in three clinical isolates which do not produce detectable 1-lactamase appears to be multifactorial. Permeability appears to have a role with one strain, and there was an associated change in its OMP profile. The DNA from the three clinical isolates transferred the ampicillin resistance phenotype and coded for altered PBPs. Several changes in PBPs were transferred. This fact and the complete transfer of the resistance phenotype in a single transformation suggest that these genes are closely linked in H. influenzae. We conclude that the primary mechanism of resistance in these three strains is altered PBPs, and the genetic basis of the resistance is chromosomally determined.
